Introduction
HIV-1 remains a global health problem of unprecedented dimensions, with an estimated 33.4 million people living with HIV in 2008. The pandemic is dynamic, with 2.7 million new infections and 2 million deaths occurring in 2008 [1] .
HIV originated from multiple zoonotic transmissions of simian immunodeficiency virus (SIV) from nonhuman primates to humans in west and central Africa in the early 1900s. HIV-1 group M, the pandemic branch of HIV, originates from SIVcpz in the chimpanzee Pan troglodytes troglodytes [2] . After transmission to humans, while still confined to western-central Africa, HIV-1 group M diversified into genetic subtypes (named A-D, F-H and J-K) in the first half of the twentieth century [3] . HIV genetic variability is the result of the high mutation and recombination rates of the reverse transcriptase enzyme, together with high rates of virus replication. Recombinants between subtypes are designated as circulating recombinant forms [CRFs; 48 different CRFs have been described so far (Los Alamos National Laboratory, http://www.hiv.lanl.gov)] if fully sequenced and found in three or more epidemiologically unlinked individuals, and unique recombinant forms (URFs) if not meeting these criteria [4] . In the second half of the twentieth century, the global spread of HIV-1 group M took place resulting in the differential global distribution of HIV-1 subtypes and recombinants [5] .
HIV diversity impacts HIV diagnosis and viral load measurements [6, 7] and may affect the response to antiretroviral treatment and the emergence of drug resistance [8, 9] . Subtypes may differ in the rate of disease progression [10] [11] [12] and some evidence suggests that subtypes are transmitted at different rates [13, 14] .
HIV infection in humans induces humoral and cellular immune responses which control primary viraemia without completely eliminating infection due to the rapid selection of immune escape mutants [15, 16] . Although the induction of neutralizing antibodies and effective cytotoxic T-lymphocyte (CTL) responses against HIV-1 through vaccination has proven extremely difficult, an even greater challenge is posed by the extreme genetic diversity of the virus and its continuing evolution [17] .
Genetic variation within a subtype is in the order of 8-17%, whereas variation between subtypes is usually between 17 and 35%, depending on the subtypes and genome regions examined [18] . This degree of diversity is likely to limit the intrasubtype and intersubtype crossreactivity of immune responses [19] . To increase the likelihood of vaccine-induced immune responses crossreacting with circulating strains, immunogens should match as closely as possible with the viral sequences circulating in the target population [20] . Candidate HIV vaccines tested in efficacy trials to date have been based on primary sequences of subtype B and CRF01_AE [21] [22] [23] . Recent encouraging results of a phase III HIV-1 vaccine efficacy trial in Thailand emphasize the importance of further studies on global and regional HIV diversity to inform rational vaccine design and development [23] .
Data on the global distribution of HIV subtypes are limited. HIV sequences deposited in the Los Alamos sequence database are not representative for the distributions in the countries of origin (Los Alamos National Laboratory, http://www.hiv.lanl.gov). Some studies have relied on pooling published data from a wide range of years, an approach which is hampered by publication bias and a lack of information on trends [24] . Here we present an analysis of the global and regional distribution of HIV-1 subtypes and recombinants for the periods 2000-2003 and 2004-2007 using a combination of cross-sectional country-specific HIV-1 molecular epidemiology data, derived from published and unpublished sources, and estimates of the number of HIVinfected people in each country.
Methods
Country-specific cross-sectional subtype distribution data Data on the distribution of HIV-1 subtypes and recombinants in individual countries were obtained from researchers in the field and from a comprehensive literature review. Research laboratories across the globe specializing in subtyping of HIV-1 samples were solicited for cross-sectional HIV-1 subtyping data of samples collected between 2000 and 2007. The MEDLINE literature database was searched for HIV-1 subtyping data for each country using the terms 'HIV', 'subtype' and the relevant country names. All potentially relevant articles in English were retrieved and HIV-1 subtyping data from samples collected between 2000 and 2007 were included in our study. Data submitted to us and derived from the literature were combined to determine the overall proportions of HIV-1 subtypes and recombinants in each country. In addition to information on HIV-1 subtypes, the data sets included country (and region/city) of sample origin, sampling year, transmission route/risk group, detection method and the genome segment(s) analysed. Overall, subtyping data of 41.8% of the samples originated from previously unpublished data by members of the WHO-Joint United Nations Programme on HIV/ AIDS Network for HIV Isolation and Characterisation, 35.6% were derived from the published literature and 22.6% were both submitted to us and published.
Global HIV-1 epidemiology and regional country groupings Country-specific HIV-1 epidemiology data were obtained from the UNAIDS/WHO estimates of the burden of HIV-1 in the years 2000 through 2007 [25] . For each country, the average number of HIV-1 infections in the periods of 2000-2003 and 2004-2007 was determined and used in further analysis.
Countries were grouped in geographical regions according to the UNAIDS classification [25] , with some modifications. Sub-Saharan Africa was divided into five separate regions (west, east, central and southern Africa and Ethiopia) because the region has the largest number of HIV-1 infections and a high level of regional HIV-1 subtype diversity. India and Ethiopia were analysed separately as most infections were caused by a single subtype (C), which would have skewed the distribution in their respective regions, where other subtypes predominate. These modifications resulted in the final grouping of all countries into 15 regions [25] .
Data analysis
The HIV-1 subtype distribution in each region was determined by first multiplying the proportions of all subtypes and recombinants in each country in each period (2000-2003 or 2004-2007) by the estimated (average) number of people living with HIV in the same country in the relevant period. The resulting numbers of each subtype in each country in each region were added up and used to calculate the proportions of the different subtypes and recombinants in each region. Countries for which no HIV-1 subtyping data had been obtained were not included in this part of the analysis.
To determine the global distribution of HIV-1 variants, the regional proportions of HIV-1 subtypes and recombinants were multiplied by the number of HIV-1-infected individuals in each region (including countries for which no subtyping data were obtained). The resulting total numbers of people living with each subtype in each region were added up and the global distribution of HIV-1 subtypes and recombinants was derived.
To determine the spread over the regions of individual subtypes, the estimated number of infections caused by a subtype in each region was taken as a proportion of the global number of infections caused by that same subtype.
Results
Primary HIV-1 subtype distribution data HIV-1 subtype characterization data were collected from a total of 65 913 samples from HIV-infected individuals in 109 countries between 2000 and 2007. For our analysis the data were divided into two periods (2000-2003 and 2004-2007) Worldwide, the countries for which HIV-1 subtype distribution data were collected accounted for 94 and 90% of individuals living with HIV-1 in 2000-2003 and 2004-2007, respectively (Table 1 , last column). In nine out of the 15 regions, for both periods, the countries with subtype data represented more than 90% of people living with HIV in the region.
The number of samples analysed as a proportion of the number of people living with HIV was higher in 2000-2003 than 2004-2007 globally, as well as in all but two regions (Table 1 , third last column). The proportion of the infected population sampled varied between regions and was higher in the Americas, western and central Europe, east Asia and Oceania, whereas India, Middle East, north Africa and sub-Saharan Africa were less well represented.
Global distribution of HIV-1 subtypes and recombinants
The distribution of HIV-1 subtypes in individual countries was weighted according to the number of HIV-infected people in each country to generate estimates of regional and global HIV-1 subtype distribution for 2000-2003 and 2004-2007 ( Fig. 1, Table 2a ). In 2004-2007 subtype C accounted for nearly half (48%) of all global infections. Subtypes A and B caused 12 and 11% of infections, respectively, followed by CRF02_AG (8%), CRF01_AE (5%), subtype G (5%) and D (2%). Subtypes F, H, J and K together caused fewer than 1% of infections worldwide. Other CRFs and URFs are each responsible for 4% of global infections, bringing the combined total of worldwide CRFs (CRF01_AE, CRF02_AG, CRF03_AB and other CRFs) to 16% and all recombinants (all CRFs and URFs) to over 20% ( Fig. 1, Table 2a ).
Overall, the global distributions of subtypes were similar between 2000-2003 and 2004-2007 and in line with previous estimates [5, 24] . Three epidemiological trends were noted (Table 2a) . First, an increase in the global proportion (and absolute growth) of the epidemics of subtypes A, F, G, H, CRF01_AE, CRF02_AG and other CRFs was observed. Second, the epidemics caused by subtypes D, J, K, CRF03_AB and URFs decreased in size and thus their proportion of the global total became smaller. Third, the epidemics caused by subtypes B and C grew at a rate below the average, resulting in a decrease of their proportion of the global epidemic, although subtype C still caused the largest absolute increase in number of infections.
The global proportion of all CRFs combined increased by 4.5% which corresponds to a 50% increase in the number of infections. In contrast, the proportion of infections caused by URFs diminished by 3.1%, a 39% decrease of the burden of URFs. Together, all recombinants (CRFs and URFs) increased by 17%, resulting in a 1.4% increase in the proportion of recombinant infections to a total of 20.5% (Table 2a) . These changes reflect a widespread trend, as an increase in the proportion of other CRFs and a decrease in URFs is widely observed in 10 of the 15 regions (Table 2b ). It is further notable that, among the major subtypes, subtype A increased and subtype D decreased globally (Table 2a) . Table 1 . Global and regional HIV-1 epidemiology and sample collection. Region of the world 2000-2003 2004-2007 2000-2003 2004-2007 2000-2003 2004-2007 2000-2003 2004-2007 2000-2003 2004-2007 2000-2003 2004-2007 North America Countries for which HIV subtype data was collected are specified in the legend of Table 2 .
f The combined number of people living with HIV in the countries for which HIV subtype distribution data were collected in a region (see legend of Table 2 ), as a proportion of the total number of people living with HIV in the region. If any data was available for a country (independent of the number of samples collected), the whole HIV-infected population in that country was deemed to be represented in this analysis. i Proportions of HIV-1 subtypes and recombinants are presented for each region for the periods indicated. Changes between the two periods in the proportions of each subtype in each region (percentage points).
Regional distribution of HIV-1 subtypes and recombinants
The distribution of HIV-1 subtypes and recombinants in each region is strikingly different across the world [Fig. 2 , Table 2b and Supplemental Digital Content (SDC) 1, http://links.lww.com/QAD/A107, which shows the subtype distribution in individual countries in 2000-2003 and 2004-2007] . Changes in regional subtype distributions are shown in Table 2b . The regional subtype distributions in 2004-2007 are discussed here.
The greatest diversity is found in central Africa where all subtypes and many CRFs and URFs are represented (Fig. 2 , Table 2b and SDC 1, http://links.lww.com/ QAD/A107). The six countries in this region all harbour a great subtype diversity, but differ in the dominant subtypes (see SDC 1, http://links.lww.com/QAD/ A107). In the Democratic Republic of the Congo, all subtypes, CRF01_AE, CRF02_AG and many other CRFs and URFs, are found, except subtype B (see SDC 1, http://links.lww.com/QAD/A107).
In west Africa, all subtypes are detected with the dominant variants being CRF02_AG and subtype G. In east Africa, the majority of infections are due to subtype A, with the remainder due to subtypes C and D and URFs. In southern Africa, Ethiopia and India, the epidemics are nearly exclusively caused by subtype C.
Subtype B dominates in north America, the Caribbean, Latin America, western and central Europe and Australia. In western and central Europe, all major subtypes and many CRFs and URFs are detected. The epidemic in eastern Europe and central Asia is dominated by subtype A and subtype B.
In south and south-east Asia, CRF01_AE is responsible for the vast majority of infections. In this region, the combined proportion of all recombinant infections is 86% which is the highest in the world. In east Asia, the epidemic is dominated by CRF07_BC, CRF08_BC, CRF01_AE and subtype B. The middle east and north Africa is mainly affected by subtype B and various CRFs.
Global spread of individual HIV-1 subtypes and recombinants
The distribution of individual HIV-1 subtypes and recombinants across the globe is shown in Fig. 3 and SDC 2 and 3 (http://links.lww.com/QAD/A107). The majority of global dominant subtype C is present in southern Africa and India, with further infections in east Africa and Ethiopia ( 
Discussion
The global distribution of HIV-1 subtypes was broadly stable over the 2000-2007 period, with an overall Table 2a ). The colours representing the different HIV-1 subtypes are indicated in the legend on the left-hand side of the figure. CRF, circulating recombinant form; URF, unique recombinant form.
increase in recombinants (Fig. 1, Table 2a ) and dynamic changes in some regions (Fig. 2 , Table 2b , SDC 1, http:// links.lww.com/QAD/A107). The global HIV subtype distribution was broadly similar to estimated distributions obtained using published data only, as well as estimates calculated by combining country HIV subtype distributions in the Los Alamos database with the countryspecific numbers of HIV-infected people used in our study (Los Alamos National Laboratory, http://www. hiv.lanl.gov) [5, 24] (data not shown). The observed trends in subtype distribution between the periods were caused by an interplay between changes in subtype distribution in countries and in the numbers of HIV-infected people (Tables 1 and 2 (Table 1) . CRF, circulating recombinant form; URF, unique recombinant form.
significant annual turnover due to new infections and deaths, and rapid growth of certain regional epidemics (Table 1) [1].
Our study has some limitations. Some regions had poor coverage because of lack of data (Caribbean, Oceania, middle east and north Africa; Table 1 , last column), some countries and regions had small sample sizes, particularly those which harbour the largest number of infections and have the highest subtype diversity (Table 1) and only a small amount of data were obtained from representative national surveys. Moreover, the heterogeneous nature of the data sets from the two periods precluded a direct comparison and statistical analysis. Sampling biases may have occurred due to patient selection (risk groups, treatment failure and disease progression), limited geographical coverage and consistency within countries and unknown dates and places of infection. In addition, subtyping methods used and the type and number of genome segments analysed may have affected results. Finally, publication bias may have occurred in the data derived from the literature.
We found a notable global increase in the proportion of CRFs, a decrease in URFs and an overall increase in recombinants, although no formal statistical test for trend was used (Table 2a ). Detailed examination showed that these trends could not be attributed to the subtyping methods used or the type and number of genome segments analysed in the different periods (data not shown). However, given the relatively recent establishment of rules governing CRF nomenclature [4] , samples with discordant subtypes in different genome segments may have been classified as recombinants (or URFs), before the relevant CRFs were characterized, especially in the earlier period. It is probable that the overall proportion of recombinants is underestimated in both periods due to the limited number of full-length sequences available (0.6-5%, data not shown).
Independent studies in Uganda, Tanzania and Kenya suggest that subtype D infection is associated with faster disease progression than subtype A in populations in which they cocirculate, despite similar plasma viral loads [10] [11] [12] . In addition, a higher rate of heterosexual transmission of subtype A than subtype D was reported [13] . A long-term study examining the subtype distribution in Kenya during the expanding epidemic found a significant decrease in the proportion of subtype D and a slight increase in subtype A [26] . These reports are consistent with our findings of an increase in the proportion of subtype A and a decrease in subtype D in east Africa and globally.
The explanations for the current global subtype distribution and the recent changes observed are probably multifactorial and include founder effects, population growth and urbanization and improved transport links and migration [3, 27] . It is uncertain at present whether biological properties of different subtypes and recombinants play a role in their differential spread.
HIV diversity, in populations and in individuals, is one of the major challenges in HIV vaccine development. It seems clear that vaccine immunogen sequence should match as closely as possible to the viral sequences circulating in the target population. Up-to-date and accurate information on HIV subtype distribution is, therefore, essential, not least to ensure that efforts and funding are allocated according to the regional and global impact of the various HIV subtypes and recombinants.
Our study highlights that the distribution of subtypes and recombinants globally and regionally is extremely complex. This diversity may be addressed by the use of consensus, ancestral, centre-of-tree or mosaic sequences in vaccines [20, 28] .
The challenges posed by the genetic diversity of the HIV-1 pandemic to prevention and treatment efforts demand that global molecular epidemiology surveillance is continued and improved. Particularly, full length sequencing of samples obtained from nationally representative surveys, taking account of geographical differences and differences in transmission routes/risk groups, are urgently needed.
